The crystal structure of disodium hydrogen citrate sesquihydrate, Na 2 HC 6 H 5 O 7 (H 2 O) 1.5 , has been solved and refined using laboratory X-ray single-crystal diffraction data, and optimized using density functional techniques. The asymmetric unit contains two independent hydrogen citrate anions, four sodium cations and three water molecules. The coordination polyhedra of the cations (three with a coordination number of six, one with seven) share edges to form isolated 8-rings. The un-ionized terminal carboxylic acid groups form very strong hydrogen bonds to non-coordinating O atoms, with OÁ Á ÁO distances of 2.46 Å .
Chemical context
In the course of a systematic study of the crystal structures of Group 1 (alkali metal) citrate salts to understand the anion's conformational flexibility, ionization, coordination tendencies, and hydrogen bonding, we have determined several new crystal structures. Most of the new structures were solved using powder diffraction data (laboratory and/or synchrotron), but single crystals were used where available. The general trends and conclusions about the 16 new compounds and 12 previously characterized structures are being reported separately (Rammohan & Kaduk, 2016a) . Four of the new structures -NaKHC 6 H 5 O 7 , NaK 2 C 6 H 5 O 7 , Na 3 C 6 H 5 O 7 , and a second polymorph of NaH 2 C 6 H 5 O 7 -have been published recently (Rammohan & Kaduk, 2016b,c,d,e) and two additional structures -KH 2 C 6 H 5 O 7 and KH 2 C 6 H 5 O 7 (H 2 O) 2 -have been communicated to the CSD (Kaduk & Stern, 2016a,b) . ISSN 2056-9890 
Structural commentary
The asymmetric unit of the title compound is shown in Fig. 1 . The root-mean-square deviation of the non-hydrogen atoms in the refined and DFT-optimized structures is only 0.048 Å . The excellent agreement between the two structures ( Fig. 2) is strong evidence that the experimental structure is correct (van de Streek & Neumann, 2014) . This discussion uses the DFToptimized structure. Almost all of the bond lengths, bond angles, and torsion angles fall within the normal ranges indicated by a Mercury Mogul geometry check (Macrae et al., 2008) . Only the C3-O13 bond length [observed = 1.416 (2), optimized = 1.410, Mogul average = 1.445 (11) Å , Z-score = 3.3] and the C2-C3-C4-C5 torsion angle [observed = À55.7 (1), optimized = À50.6
] are flagged as unusual. The standard deviation on the Mogul average for the C3-O13 distance is exceptionally low, resulting in the elevated Z-score. The C2-C3-C4-C5 torsion angle lies in the tail of a minority gauche conformation. None of the experimental quantities are flagged as unusual.
The two independent citrate ions in the optimized structure are very similar; the root-mean-square displacement of the non-hydrogen atoms is 0.10 Å . Both anions occur in a gauche,trans conformation, which is one of the two low-energy conformations of an isolated citrate. The central carboxylate and hydroxyl groups are in the normal planar arrangement. The central and one terminal carboxylate groups in each hydrogen citrate anion are deprotonated. Both citrates chelate to Na2 atom through the end carboxylate atom O8, the central carboxylate atom O10, and the hydroxyl group O13.
The four independent Na1, Na2, Na3, and Na4 cations are 6-, 7-, 6-, and 6-coordinate. The 6-coordinate Na + cations are in an approximately octahedral environment. The bondvalence sums are 1.12, 1.26, 1.16, and 1.20 The asymmetric unit of the DFT-optimized structure, with the atom numbering. The atoms are represented by 50% probability spheroids.
Figure 2
Comparison of the refined and optimized structures of disodium hydrogen citrate sesquihydrate. The refined structure is in red, and the DFT-optimized structure is in blue. Table 1 Hydrogen-bond geometry (Å ,  ) .
O7A-H19AÁ Á ÁO12 Figure 3
The 8-rings formed by edge sharing of the Na coordination polyhedra.
the oxygen atoms O12 and O12A do not coordinate to an Na atom; these are part of central carboxylate groups, and the Na-O distances are very long at 2.76 Å . There are one, one, one, and three water molecules in the coordination spheres of atoms Na1, Na2, Na3, and Na4.
Supramolecular features
The [NaO x coordination polyhedra (x = 6, 7) share edges to form 8-ring units (Fig. 3) , which are isolated from each other in the crystal structure (Fig. 4) . The OH functions of the carboxy groups, O7-H19 and O17A-H19A, form very strong hydrogen bonds to the noncoordinating atoms O12A and O12, respectively (Table 1) . The experimental donor-hydrogen distances are significantly longer than the DFT-optimized ones. The refined O7-H19 and O7A-H19A distances are both 1.20 (3) Å , and the optimized distances are both 1.079 Å . The other hydrogen bonds participate in a variety of rings.
Database survey
Details of the comprehensive literature search for citrate structures are presented in Rammohan & Kaduk (2016a) . The observed powder pattern matched that of Na 2 HC 6 H 5 O 7 (H 2 O) 2 in PDF entry 00-016-1182 (de Wolff et al., 1966) A reduced-cell search in the Cambridge Structural Database (Groom et al., 2016) yielded 104 hits, but limiting the chemistry to C, H, Na, and O only resulted in no hits.
Synthesis and crystallization
The sample was purchased from Sigma-Aldrich (lot #BCBC6031V). Single crystals were isolated from the asreceived material.
Refinement details
Crystal data, data collection and structure refinement details are summarized in Table 2 . All hydrogen-atom parameters were refined.
DFT Calculations
A density functional geometry optimization (fixed experimental unit cell) was carried out using CRYSTAL09 (Dovesi et al., 2005) . The basis sets for the C, H, and O atoms were those of Gatti et al. (1994) , and the basis set for Na was that of Dovesi et al. (1991) . The calculation used 8 k-points and the B3LYP functional, and took about 10 days on a 2.4 GHz PC. U iso values were assigned to the optimized fractional coordinates based on the U eq values from the refined structure. The same symmetry and lattice parameters were used for the DFT calculation. Computer programs: APEX2 and SAINT (Bruker, 2006) , XM and XL (Bruker, 2004) , OLEX2 (Dolomanov et al., 2009) , DIAMOND (Brandenburg, 2006) and Materials Studio (Dassault Systemes, 2014) .
Figure 4
The crystal structure of Na 
Special details
Experimental. SADABS (Bruker,2006) was used for absorption correction. R(int) was 0.0787 before and 0.0318 after correction. The Ratio of minimum to maximum transmission is 0.8655. The λ/2 correction factor is 0.0015. Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > 2sigma( F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. O8-Na3-O3W-Na4 −175.84 (4) Na1 iv -Na2-O10A-C6A −31.42 (10) O8-C1-C2-C3 −11.14 (19) Na1 iv -Na2-O13A-C3A 103.13 (8) O9
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å
viii -Na3-O3W-Na4 9.53 (4) Na1 (4) O13A-Na2-O8A-Na1 
(na2c_DFT)
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